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The trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 complex was synthesized by reacting [Ru(H2O)(NH3)5]2+ with
H3PO3 and characterized by spectroscopic (31P-NMR, d = 68 ppm) and spectrophotometric techniques
(l = 525 nm, e = 20 L mol-1 cm-1; l = 319 nm, e = 773 L mol-1 cm-1; l = 241 nm, e = 1385 L mol-1 cm-1;
nNO+ = 1879 cm-1). A pKa of 0.74 was determined from infrared measurements as a function of pH for
the reaction: trans-[Ru(NO)(NH3)4(P(OH)3)]3+ + H2O trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ +
H3O+. According to 31P-NMR, IR, UV-vis, cyclic voltammetry and ab initio calculation data, upon
deprotonation, trans-[Ru(NO)(NH3)4(P(OH)3)]3+ yields the O-bonded linkage isomer
trans- [Ru(NO)(NH3)4(OP(OH)2)]2+, then the trans-[Ru(NO)(NH3)4(OP(H)(OH)2)]3+ decays to give the
ﬁnal products H3PO3 and trans-[Ru(NO)(NH3)4(H2O)]3+. The dissociation of phosphorous acid from
the [Ru(NO)(NH3)4]3+ moiety is pH dependent (kobs = 2.1 ¥ 10-4 s-1 at pH 3.0, 25 ◦C).
Introduction
Phosphanes are ligands of P(III), as phosphite (P(OR)3) and
phosphines (P(R)3), that exhibit strong p-bonding and mod-
erate to strong s-donation.1 These biphilic characteristics can
be modulated as a function of the donor/acceptor char-
acter of the R substituent, which enables the design of
metal complex with speciﬁc proprieties according to the de-
sired application.2 Triethyl phosphite, for instance, is a re-
active molecule that is quickly hydrolyzed in acid media
(pH < 5.0) and easily oxidized.3,4 However, when coordinated
to ruthenium(II), as in trans-[Ru(NH3)4(P(OEt)3)2](PF6)2 and
trans-[Ru(H2O)(NH3)4(P(OEt)3)](PF6)2, it becomes quite stable
with regard to hydrolysis and oxidation in the solid state and
in acid solution.5
Among the series of ruthenium(II) nitrosyl, the water-soluble
trans-[Ru(NO)(NH3)4(P(OEt)3)]3+ exhibits low cytotoxicity6 and
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thus is a very interesting pro-drug model. The phosphite ligand
exhibits high trans inﬂuence and trans effect,7 which allows the
nitrosyl (NO+) ligand to be reduced to nitric oxide (NO) at a
potential accessible to biological reductors (ENO+/NO0 = -0.15 V vs.
SCE), it then can be released at an efﬁcient rate (k-NO = 0.97 s-1,
25 ◦C and pH = 5.0).8 As a result, trans-[Ru(NO)(NH3)4P(OEt)3]3+
induces an intense and fast relaxation effect in experiments with
aorta rings without endothelium and in vivo9 also exhibits in vitro
and in vivo activity against cancer cells,10 Trypanasoma cruzi11–13
and Leishmania major.14
Meanwhile, trans-[Ru(NO)(NH3)4(P(OEt)3)]3+ undergoes an
undesirable nucleophilic attack on the phosphorus ester by
hydroxyl ions, thus decreasing its efﬁciency for NO delivery.15
Also, under storage in the solid state, nucleophilic attack slowly
occurs the on the P(OEt)3 ligand, promoted by the air hu-
midity, yielding trans-[Ru(NO)(NH3)4(P(OH)(OEt)2)](PF6)3 and
ethanol15 as products. It is conceivable that the nucleophilic
attack on the P(OEt)3 is due to the strong p-acceptor character
of NO+, which increases the positive charge on the carbon
of the phosphorus ester, giving rise to hydrolysis following
the Michaelis–Arbusov mechanism.15 Similar behaviour was de-
scribed for [Mo(CO)5(P(OH)(OEt)2)], which is converted in the
solid state to [Mo(CO)5(P(OH)3)] and undergoes ester ligand
hydrolysis in solution, yielding [Mo(CO)5(P(OH)2(OEt))] and then
[Mo(CO)5(P(OH)3)].16
These phosphorus esters, diethyl phosphite, monoethyl phos-
phite and phosphorous acid (products of the P(OEt)3 ligand
hydrolysis) belong to the P(OH)(OR)2 class which exhibit a
peculiar tautomeric equilibriumbetween phosphite (P(OH)(OR)2)
and phosphonate (P(O)(H)(OR)2) forms (Fig. 1) in which the
equilibrium constant (K) favors the phosphonate form.17 However,
only the trivalent form has a pair of electrons on phosphorus
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 12917–12925 | 12917
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Fig. 1 Tautomeric equilibrium of the P(OH)(OR)2 phosphorous esters
as diethyl phosphite (R = CH2CH3) and phosphorous acid (R = H).
available to coordinate to metal centers, thus being stabilized by
back-bonding (4dp(RuII)→3dp(P)).18–20
Thus, besides knowledge of the mutual trans effect and trans
inﬂuence of the phosphorus compounds and nitrosyl being
important in its own right, it is relevant to learn more about
this system in order to know how to tailor more stable phos-
phorus nitrosyl complexes. Therefore, as phosphorous acid is the
simplest probe of phosphorous ester of the type P(OH)(OR)2,
trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 was isolated and its reactivity
in aqueous solution studied.
Experimental
Chemicals and reagents
All chemicals were reagent grade (Aldrich orMerck). The solvents
(Mallincrodt Baker and Merck) were puriﬁed as described in the
literature.21 Ruthenium trichloride (RuCl3·3H2O) was the starting
reagent for the synthesis of the aqueous and nitrosyl complexes.
The [Ru(NH3)5Cl]Cl222 and [Ru(H2O)(NH3)5](PF6)223 com-
plexes were prepared following literature procedures.
Synthesis of trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3
[Ru(H2O)(NH3)5](PF6)2 (100 mg) was dissolved in 4 mL of
0.01 mol L-1 CF3COOH argon-degassed solution. Next, 280
mg of solid H3PO3 was added. After 40 min, the solution was
acidiﬁed using 0.5 mL of 6.0 mol L-1 CF3COOH, and then,
NaNO2 (200 mg) and 0.5 mL of 6.0 mol L-1 HCl were added.
The solvent was rotoevaporated until the solution reached a
volume of 1–2 mL. Upon the addition of 15 mL of acetone and
ﬁltration, a yellow precipitate, trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3,
was formed. This solid (yield 65%) was ﬁltered and washed with
methanol (50 mL) to eliminate the coprecipitated NaCl. The
solid was dried in the ﬁlter and then stored inside a vacuum
desiccator in the absence of light. Yield of the solid = 47%.
The following is the theoretical elemental analyses of the solid
composed of 44% trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 and 56%
of trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]Cl2, as suggested by the
infrared spectra in solid state: H, 3.94; N, 19.12; and Ru, 27.60.
The experimental elemental analysis values were the following: H,
3.97; N, 18.98; and Ru, 27.10.
Synthesis of trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]ZnCl4·3H2O
In this case, [Ru(H2O)(NH3)5]2+ was generated in solution as
follows: [Ru(NH3)5(Cl)]Cl2 (100 mg) was added in 4 mL of 0.1 mol
L-1 CF3COOHargon-degassed solution followedby zinc amalgam
addition. After 40 min, 280 mg of solid H3PO3 was added and
left to react for 1 h to produce trans-[Ru(H2O)(NH3)4(P(OH)3)]2+.
Next, NO(g) was bubbled into the solution for 5 h after which
0.5 mL of 6.0 mol L-1 HCl were added. The solution was
rotoevaporated until the solution reached a volume of 1–2 mL.
The crystalline red solid was ﬁltered and washed with acetone
(20 mL), dried and then stored in a vacuum desiccator in the
absence of light. Yield of the solid = 80%. Theoretical elemental
analyses for trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]ZnCl4·3H2O: H,
3.72; N, 12.93. Experimental elemental analysis: H, 3.66; N, 13.02.
X-ray data collection and structure determination
A red prismatic crystal of dimensions 0.228 ¥ 0.093 ¥ 0.062 mm
was selected and mounted on an Enraf–Nonius Kappa-CCD
diffractometer with graphite monochromated Mo-Ka radiation.
Data were collected at room temperature up to 52◦ in 2q with
a redundancy of about 4, and ﬁnal unit cell parameters were
based on all reﬂections. Data collection was carried out using the
COLLECT program24 integration and scaling of the reﬂections
were performed with the HKL Denzo-Scalepack system of
programs25 Absorption corrections were carried out using the
Gaussian method.26 The structure was solved by direct methods
with SHELXS-97.27 The model was reﬁned by full-matrix least
squares on F2 by means of SHELXL-97.28 All hydrogen atoms
were stereochemically positioned and reﬁned with the ridging
model. Fig. 2 was prepared using ORTEP-3 for Windows,29 with
displacement ellipsoids displayed at 50% probability. Listing of
atomic coordinates and equivalent isotropic displacement param-
eters, full intramolecular bond distances and angles, hydrogen
coordinates, and anisotropic thermal parameters are available.†
Fig. 2 ORTEP-3 structure representation for trans-[Ru(NO)-
(NH3)4(P(O-)(OH)2)]ZnCl4 with displacement ellipsoids displayed
at 50% probability.
Instrumentation
The elemental analyses were performed on a Perkin-Elmer CNH
2400. The ruthenium analyses were carried out according to
the Rowston and Ottaway methods, modiﬁed by Clarke,30 using
Polarized Zeemam spectroscope, Hitachi (Model-8100).
31P-NMR. The 31P-NMR spectra in solution were obtained in
a BRUKER DRX 400 with a phosphorus frequency of 161.90
MHz using a 5 mm probe, acquisition time (AQ) of 0.24 s,
waiting time (D1) of 0.15 s and 1024 scans. The temperature was
maintained at 25 ± 0.5 ◦C. D2O was used as a deuterated solvent
for local ﬁeld homogeneity control, and the PF6- ion (d = -144
ppm) was used as an internal reference. The spectral processing
was performed using an exponential function (LB = 3.0 Hz) for
apodization (KnowItAll(R) Informatic System 8.0).
12918 | Dalton Trans., 2011, 40, 12917–12925 This journal is © The Royal Society of Chemistry 2011
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The 31P-NMR spectra in the solid state were obtained in
a VARIAN Inova 400 MHz spectrometer (161.90 MHz for
phosphorus) using magic-angle rotation.
Infraredmeasurements. The solid-state infraredmeasurements
were performed in KBr pellets and in a ﬂuorolube emulsion.
The spectra were recorded in a Bomem-102 using 32 scans and
resolution of 4 cm-1 in the 4000–400 cm-1 range at 25 ± 1 ◦C.
trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 pKa determination.
Argon-degassed solutions with hydrogen-ion concentrations in
the range of 1.0 ¥ 10-3 to 1.0 mol L-1 (CF3COOH) and ionic
strength (m) of 1.0 mol L-1 were prepared using 5.0 ¥ 10-2 mol L-1
trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3. These solutions were placed
in a silicon window with a Teﬂon spacer of 0.05 mm, and the
spectra were recorded using 4 scans and resolution of 2 cm-1 in
the range of 2000–1750 cm-1.
The spectra were deconvoluted, and the area of each
band was calculated (Origin 7). Considering the sums of
the nNO+ band areas of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ and
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ as the total area, the per-
centage of each band was calculated and plotted against the
hydrogen-ion concentration.A sigmoidal curvewas obtained from
which the pKa value was estimated assuming that when both areas
are equal, pH = pKa.
Electronic spectroscopy. The electronic spectra were
recorded in a Hitachi U-3501 model using a 1.0–5.0 cm
quartz cell and argon-degassed solutions containing
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ at 25 ± 0.1 ◦C.
Cyclic voltammetry. A Princeton Applied Research 264A
instrument was used to obtain the cyclic voltammograms.
The electrochemical cell consisted of a three-electrode sys-
tem: a saturated-calomel-electrode (SCE) reference electrode, a
platinum-plate auxiliary electrode and glassy-carbon working
electrode. The aqueous solutions, with controlled ionic strength
and pH (CF3COONa/CF3COOH), were degassed and kept under
an argon atmosphere during the measurements.
Kinetics measurements
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ was analysed in aqueous solu-
tion at pH 3.0 and m = 0.1 mol L-1 by electronic and infrared
spectrophotometry and cyclic voltammetry. All experiments were
performed at a constant temperature of 25 ◦C. This complex was
also monitored in solutions with different pH (0.6, 1.0, 2.0 and
3.0) by 31P-NMR spectroscopy. The spectra were acquired using
512 scans at 25 ± 0.5 ◦C.
The kinetic data were treated as a ﬁrst-order reaction, and thus,
the rate constants (kobs) were estimated from the plots of ln(A• -
At) vs. time.
Computational details
The calculations were performed with the Gaussian03 package.31
The starting molecular geometries were obtained from previous
work on similar structures.8,32 The ﬁnal molecular-geometry
optimizations were performed using the Kohn–Sham density
functional theory (DFT)33 with the Becke three-parameter hybrid
exchange-correlation functional known as B3LYP,34,35 and the
standard DGAUSS basis set DGDZVP for Ru, DGDZVP2 for
P and DGTZVP for H, N and O. No symmetry condition was
imposed.36
All minimal energies and transition states (TSs) were charac-
terized by frequency calculations, which yielded real frequencies
for the minimal energy and one negative frequency for the TS
structures. To determine the TS for each reaction step, a potential-
energy-surface (PES) scan on the reaction coordinate was carried
out. The energy optimized for the reagents and products on the
PES maximum was taken as the saddle point. Once the geometry
of the reagent, product and saddle point was obtained, QST3
calculations were performed to obtain the optimized TS.
The orbital population was examined with the pop = full key
word. The electronic spectra were obtained using the TD-DFT
calculation as implemented in the Gaussian03 package.
Results and discussion
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ was obtained by two routes: one
starting from the isolate [Ru(H2O)(NH3)5](PF6)2 salt and another
using [Ru(H2O)(NH3)5]2+ generated in solution. In both cases,
the phosphorous acid molecule coordinates to the Ru(II) center
trough the phosphorus atom. It is interesting to point out that
the present case is in pyramidal (P(OH)3) and not in tetrahedral
(P(O)(H)(OH)2) form, as recently proposed for [Mo3Pd(pyr–
H3PO3)S4(H2O)9]4+,37 structure of the entering ligand. The fast
labilization of the transNH3 ligand occurs as a consequence of the
strong trans effect and trans inﬂuence of the phosphorus ligand.1
The nitrosyl complex formation is achieved either by adding
NaNO2 (in acidic medium) or by bubbling NO. The formation
of the solid with the [ZnCl4]2- counter ion is consequence of the
presence ofZn(II) ions in solutionwhenZn(Hg) is used, as reported
before.38,39
trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 characterization
The theoretical calculations of orbital composition for
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ showed that HOMO is com-
posed by 100% in Ru (dxy) while the LUMO and LUMO+1 are
localized 65.5% on NO (py and px, p*). The geometric parameter
calculated for this complex shows that Ru–NO angle is 178.94◦
(Table SI 1†), which is in agreement to theNO linear coordination.
Furthermore, this complex is EPR silent. So, in this work it is
considered the [RuII(NO+)] canonical form instead of [RuIII(NO0)]
or [RuIV(NO-)] for the {Ru(NO)}6 moiety.40,41
Similarly to those reported for other trans-[Ru(NO)-
(NH3)4L]3+ complexes,8,42 the electronic spectrum of
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ presents three bands (Fig.
SI 1†): l = 525 nm, e = 20 L mol-1 cm-1; l = 319 nm, e =
773 L mol-1 cm-1; and l = 241 nm, e = 1385 L mol-1 cm-1
(0.5 mol L-1 CF3COOH, 25 ± 0.1 ◦C). According to the TD-DFT
calculation, the low-molar-absorptivity band at 525 nm is
essentially a metal–ligand charge transition (MLCT) of the type
HOMO(dxyRu)→LUMO+0,1(p*NO), exhibiting also a d–d
transition character. The absorption at 319 nm is attributed
to both a d–d transition, HOMO(dxyRu)→LUMO+2(dz2Ru),
and a MLCT, HOMO-1,2(dxzdxzRu)→LUMO+0,1(p*NO).
The 241 nm absorption is composed of a series of electronic
transitions in which the major contribution is the MLCT,
HOMO-5,6(px,pyNH3)→LUMO+0,1(p*NO), and the minor
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 12917–12925 | 12919
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contribution is a ligand–ligand charge transfer (LLCT), HOMO-
3,4(P(OH)3)→LUMO+0,1(p*NO).
The cyclic voltammogram (Fig. SI 2†) of
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ in aqueous solution (0.5
mol L-1 CF3COOH, 50 mV s-1) exhibits an irreversible process at
-0.52 V vs. SCE, attributed to the reduction of the coordinated
NO+ group to NO0, and a reversible couple assigned to
trans-[Ru(H2O)(NH3)4(P(OH)3)]3 +/2+ at 0.33 V vs. SCE.
The solid-state 31P-NMR spectrum shows two peaks with
chemical shifts at 71.0 ppm and 65.0 ppm due to the
presence of both protonated and deprotonated phosphorous
acid coordinated to the metal center. Because the phos-
phorus nucleus of the protonated phosphorous acid is less
shielded than that in the deprotonated form,43 the signals
at 71.0 ppm and 65.0 ppm were assigned to the phos-
phorus atom in the trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 and
trans-[Ru(NO)(NH3)4(P(OH)2(O-))]Cl2 complexes, respectively.
The infrared spectra in the solid state in KBr and in ﬂuorolube
(Fig. 3a) exhibit nNO+ at 1903 and 1867 cm-1 for both the
protonated and deprotonated forms of the P(III) ligand. This
ﬁnding is consistent with the solution infrared spectrum obtained
in 0.20 mol L-1 CF3COOH, which presents two absorptions
(1892 cm-1 and 1879 cm-1), whereas the spectra in 1.0 mol L-1
and 0.001 mol L-1 CF3COOH present just one band each, at 1892
and 1879 cm-1, respectively (Fig. 3b).
Fig. 3 (a) Infrared spectrum of trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3
and trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]Cl2 in ﬂuorolube emulsion.
(b) Infrared spectra of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ and
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ in solution: dashed line: 1.0
mol L-1 CF3COOH, solid line: 0.20 mol L-1 CF3COOH, dotted line:
0.001 mol L-1 CF3COOH.
The pKa of the free phosphorous acid is 7.4,23
while that for the coordinated phosphorous acid in
trans-[Ru(H2O)(NH3)4(P(OH)3)]3+ was calculated as 1.0.18
For reaction 1, a pKa value of 0.74 ± 0.05 was calculated from the
infrared data shown in Fig. 4b, as described in the experimental
section.
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ + H2O
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ + H3O+
(1)
As can be seen in Table 1, the pKa value of the ligand trans to
the nitrosonium is smaller in trans-[Ru(NO)(NH3)4(P(OH)3)]3+
Fig. 4 (a) Infrared spectrum showing NO+-band deconvolu-
tion of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ and trans-[Ru(NO)(NH3)4-
(P(O-)(OH)2)]2+ in aqueous media at 0.25 mol L-1 CF3COOH and m =
1.0 mol L-1. (b) Sigmoidal ﬁt obtained from calculated areas of the NO+
bands at different hydrogen-ion concentrations at 25 ± 1 ◦C, pKa = 0.74 ±
0.05.
Table 1 pKa in some ruthenium complexesa
Complex pKa Ref
[RuII(H2O)(NH3)5]2+ 13.1 23
[RuIII(H2O)(NH3)5]3+ 4.1 23
[RuII(NO)(H2O)(NH3)4]3+ 3.1 44
trans-[RuIII(H2O)2(salen)]+ 5.9 41
trans-[RuII(NO)(H2O)(salen)]+ 4.5 41
trans-[RuII(H2O)(NH3)4(P(OH)3)]2+ 4.7 18
trans-[RuIII(H2O)(NH3)4(P(OH)3)]3+ 1.0 18
trans-[RuII(NO)(NH3)4(P(OH)3)]3+ 0.74 b
a the ligand that correspond to pKa is in bolded letters b This work.
than in trans-[Ru(H2O)(NH3)4(P(OH)3)]3+. This behaviour
is also observed in trans-[Ru(NO)(H2O)(NH3)4]3+ and
trans-[Ru(NO)(H2O)(salen)]+.41,44 The nitrosonium ligand
exhibits lower s-donor and higher p-acceptor strength than H2O
andNH3 thus the replacement of these ligands by the nitrosonium
gives metal center a Ru(III) character.
As expected, both trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 and
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]ZnCl4·3H2O generate in
12920 | Dalton Trans., 2011, 40, 12917–12925 This journal is © The Royal Society of Chemistry 2011
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Table 2 Crystallographic data for trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]-
ZnCl4
Formula trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]ZnCl4
Space group Monoclinic, P21/n
a/A˚ 7.0270(1)
b/A˚ 22.1460(8)
c/A˚ 9.2010(3)
b (◦) 91.499(2)
Z 4
V (A˚ 3) 1431.37(7)
l(Mo-Ka)/A˚ 0.71073
r (mg m-3) 2.262
R indices R1 = 0.0493, wR2 = 0.0992
Table 3 Selected bond lengths and bond angles for
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]ZnCl4
Selected bond lengths/A˚
Ru–N(5) 1.793(3) P–O(3) 1.574(3)
Ru–P 2.4136(10) P–O(2) 1.579(3)
P–O(1) 1.513(3) O–N(5) 1.128(4)
Selected bond angles/◦
N(5)–Ru–N(3) 93.78(14) N(1)–Ru–N(4) 90.25(14)
N(5)–Ru–N(2) 90.55(14) N(5)–Ru–P 175.11(11)
N(3)–Ru–N(2) 90.74(15) O(1)–P–O(3) 110.98(16)
N(5)–Ru–N(1) 92.79(14) O(1)–P–O(2) 111.83(16)
N(3)–Ru–N(1) 173.38(13) O(3)–P–O(2) 102.73(17)
N(2)–Ru–N(1) 89.99(14) O(1)–P–Ru 113.71(11)
N(5)–Ru–N(4) 97.64(14) O(3)–P–Ru 107.54(11)
N(3)---Ru–N(4) 88.09(13) O(2)–P–Ru 109.41(13)
N(2)–Ru–N(4) 171.79(13) O–N(5)–Ru 172.8(3)
solution the trans-[Ru(NO)(NH3)4(P(OH)3)]3+ / trans-Ru(NO)-
(NH3)4(P(O)(OH)2)]2+ being that their electronic and
electrochemical characteristics are the same Table 2.
X-ray crystal structure
All attempts to grow good crystals of
trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 failed. However, this was
not the case for trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]ZnCl4·3H2O.
This complex is formed from a trans-[Ru(NO)(NH3)4(P(OH)3)]3+
octahedral cation and a [ZnCl4]2- anion. In the cation four NH3
moieties occupy the equatorial positions and [H2PO3]- and NO+
groups are trans in the axial direction. The metal is displaced
0.136(2) A˚ towards the NO+ group from the best least squares
plane through the four equatorial nitrogen atoms. The nitrosyl
group is slightly bent with respect to the normal to the equatorial
plane, with a Ru–N5–O angle of 172.8(3) degrees (Table 3).
trans-[Ru(NO)(NH3)4(P(OH)3)]Cl3 stability in aqueous media
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ was expected to be stable in
aqueous solution because the carbon chain is absent in phospho-
rous acid, preventing nucleophilic attack and subsequent hydrol-
ysis. However, the electronic spectra in aqueous solution (pH 3.0,
m = 0.1 mol L-1 and 25 ± 0.1 ◦C) show signiﬁcant changes as a
function of the time (Fig. 5). At the beginning, a band at 322 nm
appears, and its intensity increases and then decreases with time.
Nometal center oxidation reaction takes place (EPR silent) and
neither is NH3 dissociation observed through pH changes. Thus,
Fig. 5 Electronic spectra of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ in pH =
3.0, m = 0.10 mol L-1, 25 ± 0.1 ◦C and CRu = 3.70 ¥ 10-4 mol L-1 obtained
with Dt = 5 min (a) from 5 to 20 min and (b) from 20 to 30 min.
it is likely that these spectral changes are related to changes along
the NO+–Ru–P(III) axis. Based on the increase and decrease of the
band absorption at 322 nm (25 ± 0.05 ◦C), rate constants (kobs) of
1.9 ¥ 10-3 s-1 and 3.8 ¥ 10-4 s-1 were estimated, respectively. The
deconvolution of the spectrum obtained 4 h after the dissolution
of the original compound (pH 3.0) shows a band at 322 nm
with e = 297 L mol-1 cm-1, which is in agreement with the values
reported for trans-[Ru(NO)(NH3)4(H2O)]3+ (l = 322 nm, e = 280 L
mol-1 cm-1).44 Analysing this solution using cyclic voltammetry, a
reduction potential (Epc ) was observed at -0.40 V vs. SCE, which
does not match that for the trans-[Ru(NO+/0)(NH3)4(P(OH)3)]3 +/2+
reduction (-0.52 V vs. SCE) but agrees very well with the
Epc value reported for the reduction of the NO+ group in
trans-[Ru(NO)(NH3)4(H2O)]3+ (-0.40 V vs. SCE).44
The behaviour of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ in aqueous
solution (pH 3.0) was also observed using infrared measurements
(Fig. 6). The initial spectrum shows just one nNO+ band at
1879 cm-1, assigned to trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+. The
displacement of the nNO+ band from 1879 to 1872 cm-1 was
observed as a function of time. The intensity of the band
Fig. 6 Infrared spectra of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ at pH = 3.0
solution, m = 0.10 mol L-1, CRu = 5.0 ¥ 10-2 mol L-1 and 0.10 mm spacer.
Solid line: t = 5 min. Dotted line: t = 1 h. Dashed line: t = 15 h.
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 12917–12925 | 12921
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at 1872 cm-1 initially increases and then starts to decrease,
yielding the two nNO+ bands at 1893 and 1849 cm-1 (Fig. 6),
which matches with the values reported in the literature44 for
trans-[Ru(NO)(NH3)4(H2O)]3+ and trans-[Ru(NO)(NH3)4(OH)]2+
respectively. The presence of these nNO+ bands is consistent with
the pKa of 3.1 for trans-[Ru(NO)(NH3)4(H2O)]3+.44
The rate constants (kobs) for the increase and the decrease of
nNO+ = 1872 cm-1 were calculated as 1.6 ¥ 10-3 s-1 and 3.8 ¥ 10-4
s-1 at 25 ± 1 ◦C, respectively, which agree quite well with those
calculated following the absorbance changes at 322 nm.
The electronic- and infrared-spectroscopy and cyclic-
voltammetry data strongly suggest the formation of the ion
complex trans-[Ru(NO)(NH3)4(H2O)]3+ according to 2.
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ + H2O
trans-[Ru(NO)(NH3)4(H2O)]3+ + P(O)(H)(OH)2
(2)
In the trans-[Ru(NO)(NH3)4(P(OH)3)]3+ 31P-NMRspectra at pH
3.0, ﬁve peakswere identiﬁed: d = 68.0, 60.0, 48.0, 42.0 and 0.7 ppm
(Fig. 7). The peak at 0.7 ppm corresponds to free phosphorous
acid in the phosphonate form,43 the intensity of which increased
with time, which conﬁrm the phosphorous-acid dissociation.
Fig. 7 31P-NMR spectra of trans-[Ru(NO)(NH3)4(P(OH)3)]3+ in pH 3.0
solution, CRu = 2.0 ¥ 10-2 mol L-1, 10 min after dissolution, using NH4PF6
as a standard (d = -144 ppm) 25 ± 0.5 ◦C, BRUKER DRX 400.
The peaks at 68.0 and 60.0 ppm were attributed, as in the solid-
state-31P-NMR results, to the protonated and deprotonated phos-
phorous acid coordinated to the metal center by the phosphorus
atom, respectively. The area of the peaks at 68.0, 60.0 and 42.0
ppm decreased as a function of time, while the area of the peak at
48.0 ﬁrst increased and then decreased, similarly to that previously
described for the absorbance changes at l = 322 nm and at nNO+ =
1972 cm-1.
The rate constants, based on the peak-area variation as a
function of time, are presented in Table 4.
The rate constants for the decay of the peaks at 60.0 ppm
(kobs = 2.4 ¥ 10-4 s-1) and 48.0 ppm (kobs = 2.0 ¥ 10-4 s-1) and
for the formation of the peak at 0.7 ppm (kobs = 2.1 ¥ 10-4 s-1)
are experimentally the same. However, with increasing time, the
peak at 60.0 ppm disappears, while the peak at 48.0 ppm remains,
decaying at a similar rate that for to the formation of the peak at
0.7 ppm. This ﬁnding strongly suggests that the compound that
generates the peak at 48.0 ppm is the compound from which the
Table 4 Rate constants and half-lives for each peak in the 31P-NMR
spectra at pH 3.0, 25 ± 0.5 ◦C
d (ppm) kobs (s-1) t1/2 (min)
68.0 Decay 1.1 ¥ 10-3 10.5
60.0 Decay 2.4 ¥ 10-4 47.7
48.0 Formation 1.2 ¥ 10-3 10.0
48.0 Decay 2.0 ¥ 10-4 57.2
42.0 Decay 7.0 ¥ 10-4 16.6
0.7 Formation 2.1 ¥ 10-4 55.5
Table 5 Rate constants for the formation of the peak at 0.7 ppm at 25 ±
0.5 ◦C at different pH values
pH kobs (s-1)
0.6 3.9 ¥ 10-7
1.0 1.0 ¥ 10-6
2.0 3.2 ¥ 10-5
3.0 2.1 ¥ 10-4
phosphorous acid is dissociated, yielding free phosphorous acid
(d = 0.7 ppm) and trans-[Ru(NO)(NH3)4(H2O)]3+. These values
of kobs calculated from 31P-NMR data are of the same order of
magnitude as those calculated from UV-vis- and IR-spectroscopy
experiments.
Solutions containing trans-[Ru(NO)(NH3)4(P(OH)3)]3+ in dif-
ferent hydrogen-ion concentrations were also monitored by 31P-
NMR spectroscopy. The rate constant data calculated based on
the formation of the peak at 0.7 ppm (Table 5) demonstrate that
the phosphorus–ligand dissociation is pHdependent and increases
as the hydrogen-ion concentration decreases. Based on these data,
the following sequence of reactions is proposed (Fig. 8).
In solution, trans-[Ru(NO)(NH3)4(P(OH)3)]3+ establishes a
fast equilibrium between its protonated and deprotonated
forms (Fig. 8a and b). These forms are responsible for
the peaks at 68.0 and 60.0 ppm, respectively. From
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ (Fig. 8b), a linkage isomer
inwhich phosphorous acid is coordinated to ruthenium(II) by a de-
protonated oxygen is formed (trans-[Ru(NO)(NH3)4(OP(OH)2)]2+,
Fig. 8c). In this complex, the trivalent phosphorus has an electron
pair available to shield it which decreases the chemical shift to
42 ppm. Because the trivalent phosphorus shown in Fig. 8c
is no longer stabilized by the Ru(II)–P(III) back bonding and
the tetravalent form of the phosphorous-acid is prevalent (Fig.
1), the formation of trans-[Ru(NO)(NH3)4(OP(H)(OH)2)]3+ (Fig.
8d) is favoured, giving rise to the peak at 48 ppm. Finally, the
phosphorous acid dissociates, giving rise to the 0.7 ppm peak, and
trans-[Ru(NO)(NH3)4(H2O)]3+ is formed.
In tetraamine complexes, the kinetic and thermodynamic
proprieties of [RuNO]3+ are similar to those of Ru(III).44,45
In addition, Taube and co-workers 46 have demonstrated in
the [Ru(NH3)5(Me2SO)]n+ system that the O-bond is rather
stable in Ru(III), while the S-bond is rather stable in Ru(II).
Therefore, the linkage isomerization of deprotonated phos-
phorous acid from P(III) to O is quite likely to occur.
Furthermore, as observed in [Ru(NO)(NH3)4(H2O)]3+,44 the
nitrosyl ligand can induce the donation of oxygen p elec-
trons to Ru(II)dp in trans-[Ru(NO)(NH3)4(OP(OH)2)]2+ and
trans-[Ru(NO)(NH3)4(OP(H)(OH)2)]2+.
12922 | Dalton Trans., 2011, 40, 12917–12925 This journal is © The Royal Society of Chemistry 2011
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Fig. 8 Phosphorous-acid dissociation from trans-[Ru(NO)(NH3)4(P(OH)3)]3+.
The isomerization would explain the observed pH depen-
dency of phosphorus dissociation (Table 5) because the forma-
tion of trans-[Ru(NO)(NH3)4(OP(OH)2)]2+ is dependent on the
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ concentration.
Among the phosphorous-acid species presented in Fig. 8,
trans-[Ru(NO)(NH3)4(OP(OH)2)]2+ (Fig. 8c) may potentially act
as a phospho-transfer species because the phosphorus atom in
this structure has an electron pair available to promote synthetic
transformations.47,48 This type of reaction is relevant in medicinal
chemistry to obtain phosphonate derivatives that possess physio-
logical proprieties.
DFT calculation
According to DFT calculations all species of the nitrosyl com-
plexes shown in Fig. 8 exhibit small variations of their relative
energy. Transitional state 1 (TS 1), indicated in Fig. 8, shows
that the P-to-O-linkage isomerization has an activation energy
(Ea = 31.1 kcal mol-1) that allows the reaction to proceed at room
temperature and in the timescale envisaged. The same ﬁnding
was observed for phosphorous-acid dissociation and the water
coordination in TS 2 (Ea = 21.4 kcal mol-1).
From the sequence of consecutive reactions proposed in Fig. 8,
it is difﬁcult to distinguish the slow step using the rate constants
data (Table 4). However, the activation energies from the DFT
calculation strongly suggest that the slow step of the reaction is
the isomerization from Ru(II)–P(III) to Ru(II)–O (Fig. 8b and c).
The calculated Mulliken atomic charges (Table 6) for the
structures in Fig. 8 demonstrate that the phosphorous-acid
deprotonation causes a decrease of the positive charge on the
phosphorus atom (from 1.296 to 1.282), which is consistent with
This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 12917–12925 | 12923
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Table 6 Mulliken atomic charges calculated for the phosphorous-acid
complexes
Structures
Atom (a) (b) (c) (d)
Ru 0.185 0.205 0.741 0.699
O (nitrosyl) 0.122 0.118 0.082 0.103
N (nitrosyl) 0.153 0.141 0.123 0.143
P 1.296 1.282 0.858 1.218
O (protonated)a -0.590 -0.625 -0.655 -0.674
O (deprotonated) -0.736 -0.692 -0.615
a medium value
the peaks at 68 and 60 ppm. Structure (c) exhibits a less positive
phosphorus charge than structure (d), which is also in agreement
with the 31P-NMR assignments.
The values of nNO+ of 1969, 1961 and 1963 cm-1 calculated
theoretically for structures (a), (b) and (d), respectively, are
in agreement with the experimentally obtained sequence (1892,
1879 and 1872 cm-1). The value of nNO+ for structure (c) was
calculated at 1947 cm-1, the nNO+ for this structure was not clearly
observed experimentally due to overlapping bands, however,
looking carefully at the spectrum (Fig. 6; dotted line), a shoulder
can be observed at 1860 cm-1.
The TD-DFT calculation performed for the sequence of
reactions proposed in Fig. 8 can explain the observed electronic-
spectra changes for trans-[Ru(NO)(NH3)4(P(OH)3)]3+ in aqueous
solution (Fig. 5). The species trans-[Ru(NO)(NH3)4(P(OH)3)]3+
and trans-[Ru(NO)(NH3)4(P(OH)2(O-))]2+ exhibited small
changes in their simulated electronic spectra (Fig. SI 3†).
However, the spectrum for trans-[Ru(NO)(NH3)4(OP(OH)2)]2+, in
which the oxygen with a negative charge is bonded to the metal,
presents a strong intensity increase at the range of 322 nm, which
is mainly due to several LLCT and LMCT transitions expected to
occur when oxygen is directly bonded to the metal. This intensity
decreases when trans-[Ru(NO)(NH3)4(OP(H)(OH)2)]3+ is formed
(Fig. SI 3†). These features are in accord with the absorbance
changes observed as a function of time in the experimental
electronic spectra.
Considering the different local environment, the relevant
bond distances and bond angles calculated for the ion
trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ are in good agreement
with the X-ray crystal data for trans-[Ru(NO)(NH3)4(P(O-)-
(OH)2)]ZnCl4 (see Table 3 and Table SI 1†)
Conclusion
The X-ray data clearly show the coordination of the ruthe-
nium center to phosphorus instead of oxygen atom in
trans-[Ru(NO)(NH3)4(P(OH)3)]3+. The presence of nitrosyl in
trans-[Ru(NO)(NH3)4(P(OH)3)]3+ increases the hardness of the
Ru(II) center and thus increases the acidity of phosphorous
acid by a factor of approximately 107 regarding the free
H3PO3. Also as a consequence of this change, the prefer-
ence for coordination trough oxygen instead of phosphorus
induces the ion trans-[Ru(NO)(NH3)4(P(O-)(OH)2)]2+ to isomer-
izes into trans-[Ru(NO)(NH3)4(OP(OH)2)]2+ and then to form
trans-[Ru(NO)(NH3)4(OP(H)(OH)2)]2+. These species decay
with a pH-dependent rate constant, yielding trans-[Ru(NO)-
(NH3)4(H2O)]2+ and H3PO3 as ﬁnal products. The spectroscopic,
spectrophotometric, electrochemical and ab initio-calculation data
support the proposed sequence of reactions and indicate the
isomerization reaction from P to O as the rate-determining
step. This mechanism of phosphorus dissociation from the
trans-[Ru(NO)(NH3)4]3+ moiety would be applicable for all the
P(OH)(OR)2 class, once it also exhibits, at least, a proton
dissociable that can enable the formation of the O-bonded isomer.
In addition, it is possible that the rate constant of isomerization can
be modulated according to the s-donors character of R through
the changes on the proton acidity in the P(OH)(OR)2. Nitroso-
nium is considered mostly a trans delabilizing ligand. Thus the
results here presented are relevant to understand changes in metal
centers reactivity, induced by the nitrosyl ligand. Furthermore, it is
also an interesting example of P(III) ligand activation, which gives
rise to an O-bonded isomer potentially useful in phospho-transfer
reactions.
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